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Introduction
Chromatin fibre folding in cells is dictated by a vast number of interactions between nucleosomes, chromatin binding proteins, and structural components such as CTCF/cohesin loops, as well as the inherent structure of the underlying fibre. Chromatin is far from a bland homomorphic fibre, rather it is a structurally heterogeneous material which is frequently disrupted at transcriptional hotspots 1, 2 , and is thought to be locally compact in inactive regions. The ENCODE project 3 comprehensively mapped the distribution of epigenetic and structural features in different human and mouse cell lines. Many of these marks are surrogates for transcriptional activity that can impact on local chromatin fibre structure. Previously we developed a polymer modelling scheme based on the assumption that chromosome organisation is driven by the formation of bridges by multivalent protein complexes (the transcription factor, or TF model [4] [5] [6] ). For example, complexes of TFs and polymerase form enhancer-promoter interactions to organise active regions, while PRC (polycomb repressor complex) or HP1 proteins might arrange inactive and repressed regions. This model can predict large-scale organisation such as chromatin domains and compartments 6 , and has been successful in describing some genomic loci at higher resolution (e.g. the α and β-globin loci 5 ). We also recently combined the TF model with the popular loop extrusion (LE) model for chromosome organisation 7 , which explains features of chromatin loops mediated by cohesin and CTCF 8, 9 . While this strategy successfully predicts large-scale features of genome organisation, we show below that it cannot accurately predict the folding of the complex Pax6 genomic locus at high resolution, which we probed experimentally at different levels using fluorescence in situ hybridization (FISH) imaging and Capture-C. Pax6 is surrounded by constitutively expressed genes and multiple enhancers, providing a paradigm for complex genetic interactions [10] [11] [12] .
Our previous models use a simple bead-and-spring polymer to represent the chromatin fibre, and as such assume that this has a uniform structure. We speculated that certain histone modifications would be indicative of disrupted chromatin with decreased linear fibre compaction; to this end we developed a new predictive heteromorphic polymer (HiP-HoP) model. Simulations of these "heteromorphic" chromatin fibres gave a much better recapitulation of locus conformation at transcriptionally active regions of the genome, providing a universal model for chromatin fibre folding which could potentially be applied to map 3-D structures genome-wide in the future -as examples here we studied the Pax6, globin and Sox2 loci. Unlike other widely used "inverse modelling" approaches for predicting 3-D chromatin folding, such as the recent polymer-physics-based approach PRISMR 13 , or previous approaches based on Markov Chain Monte Carlo or constrained molecular dynamics [14] [15] [16] [17] [18] vary significantly between the cell lines (Fig. S1 ), but additional CTCF bound in close proximity to the Pax6 promoters in Pax6 expressing cells.
Active epigenetic marks predict locus folding only in some cell lines
Our previous modelling work [5] [6] [7] gave good predictions of larger-scale (domain and compartment level) chromosome organisation. To test whether this scheme can also predict folding of complex genetic loci at higher resolution, we performed simulations for the Pax6 locus. This model, where a chromosome region is represented as a bead-and-spring polymer (with each bead representing 1 kb), combines two views on what drives chromatin conformation (see Fig. 1a for a schematic) . First, the TF model 5, 6 postulates that promoter-enhancer interactions are mediated by diffusing protein complexes which form molecular bridges between their binding sites.
Here we began by assuming that TFs bind H3K27ac regions, and switch back and forth between a binding and a non-binding state. Switching models post-translational modifications, active protein degradation, or programmed polymerase unbinding after transcription termination 7, 20 ; it enables simultaneously strong TF binding and fast turnover of bound TFs (as observed by photobleaching experiments 21 ), and drives the system away from equilibrium. Second, the LE model 8, 9 views cohesin and CTCF as the structural organisers of the genome, with cohesin forming chromatin loops via an extrusion mechanism that could be transcription dependent 22 . LEs stop if they encounter a CTCF site which has a binding motif oriented towards the direction of extrusion; this enables stable looping between CTCF sites with binding motifs which are in a convergent, but not divergent arrangement 23 . We used the model to generate an ensemble of locus conformations representing a population of cells and from this extracted both 3C-like information, and single cell simulated FISH data (see Methods for details of combined TF+LE simulation scheme).
To validate the model we used the Capture-C protocol (a combination of 3C and oligonucleotide capture followed by high-throughput sequencing 24 ) to obtain interaction profiles from a set of probes, or "viewpoints" across the locus (see Methods and Fig. S2 ). The simulations gave good predictions of chromatin interactions in the OFF and ON cell lines (Fig. 1) ; they showed that in the ON cells the Pax6 promoters interact with both distal enhancers. However, notably, the model failed to correctly predict chromatin contacts in the HIGH activity cells (Fig. 1b) .
DNA accessibility better predict locus folding
In the Pax6-HIGH cells there was a reduction in looping to the DRR compared to the ON cells, despite a broadening of the H3K27ac mark; this is inconsistent with the typical looping model for enhancer action, and is not correctly predicted by simulations (which did show promoter-enhancer loops, as well as interactions with other acetylated regions between Pax6 and the DRR -red stars in Fig. 1b) . From this analysis a simple promoter-enhancer looping mechanism for regulating chromatin folding does not occur. Our previous studies on globin loci 5 use DNA accessibility data as a proxy for protein binding. In addition to mapping epigenetic marks ENCODE has extensively characterised chromatin disruptions using both DNaseI sensitivity and ATAC-seq; to determine if this information gave improved model predictions we generated ATAC-seq data on the three cell lines (Fig S3) . This revealed that in the ON cells there is an ATAC peak within the DRR, whereas in the Pax6-HIGH cells this peak is absent (despite the broadening of the H3K27ac mark). Simulations predicated on TFs only binding to ATAC peaks gave better predictions of Capture-C data in all three cell lines ( Fig. 1e-f ).
These results show that while histone modification data can be used to recover the large-scale domain structure of chromosome organisation 6, 7 , for more complex loci at higher resolution, DNA accessibility gives a better prediction of TF binding driven structure. The molecular basis for this is unclear but probably reflects a more direct correlation between TFs binding and disrupted chromatin, whilst histone modifications are generated indirectly as a consequence of acetyltransferases or methylases binding to chromatin. Simulations using H3K27ac 
High level transcription drives local decompaction
From the panoply of simulated structures individual measurements can be extracted equivalent to information obtained from FISH experiments (Fig 2) . This provides values for the distance between pairs of points on the polymer but also enables the volume of the locus to be predicted. Initially compaction upstream and downstream of the Pax6 locus was measured (using pairs of FISH probes at URR/Pax6 and Pax6/DRR respectively, Fig. 2 ). To validate these results we performed 3-D FISH experiments. Both probe pairs showed a non-monotonic variation in separation as a function of Pax6 activity, both in vivo and in simulations.
Separations were reduced in Pax6-ON compared to OFF cells, but were larger in Pax6-HIGH compared to Pax6-ON. To quantify how well the simulations predicted the data a measure called the K-score was defined (see Methods and Fig. S4 ), ranging from zero to one (from no agreement to perfect overlap of separation distributions); despite a high score of K=0.70 simulations did not correctly predict the result that Pax6-HIGH cells showed significantly larger probe separations than Pax6-OFF. Varying bead size in the simulations to either 400 bp or 3 kb reduced the K-score (Fig. S4 ).
To test how the simulations predicted overall locus volume, the volume enclosed by three FISH probes was experimentally measured (URR/Pax6/DRR, see Methods). Our previous studies 2 showed that transcriptionally active regions are decompacted; surprisingly the simulations predicted that the HIGH cells would be more compact than Pax6-OFF. This was not consistent with values obtained from 3-probe FISH ( Fig. 2 ; note also that again a non-montonic trend through OFF-ON-HIGH cells was observed). We also designed a measure of cell-to-cell variability by computing the level of the scatter in a plot where simultaneous URRPax6, Pax-DRR and URR-DRR measurements were shown on three axes ( 
Polymer simulations of heteromorphic chromatin fibres predict experimental data
The model described above agreed with population based 3C-style data, but could not accurately predict trends observed in single cell FISH. We reasoned that because our model assumed a homomorphic fibre, variation between cell types could only arise from differences in the TF binding or CTCF locations as loop extruder anchor sites. However, it is known that chromatin fibres can adopt alternate configurations 1, 2, 25, 26 , and recent RICC-seq experiments suggest there are two main local structural motifs, associated with chromatin fibres: a more open and a more compact conformation 27 . It has also been suggested that acetylation marks regions of disrupted chromatin [27] [28] [29] , and indeed RICC-seq data showed a more open chromatin structure was correlated with H3K27ac
27
. Consistent with this, volumes measured for individual FISH probes were correlated with the level of H3K27ac within the probe region (Fig. S5b, i) . Therefore we hypothesised that including a different chromatin fibre structure at H3K27ac regions might improve the agreement between simulations and FISH data. To achieve this in a simple way additional springs were introduced to regions which do not have the acetylation mark -i.e., where the fibre had a higher linear compaction (kbp of DNA in a given length of fibre) -leaving H3K27ac regions less compact (see schematic in Fig. 3a and Methods for details). We call this the highly predictive heteromorphic polymer (HiP-HoP) model.
Since we do not know how chromatin structure actually varies along the fibre at high resolution, and in reality there is likely to be more than two levels, we could not expect the model to predict the FISH data exactly. Nevertheless HiP-HoP simulations did correctly reproduce all observed trends in our experiments. Most notably, we found that with this new model, the Pax6/DRR separations were on average furthest apart in the Pax6-HIGH cells, and this cell type also showed much higher cell-to-cell variability than in the previous simulations. The K-score (see Methods) increased to 0.77 (by nearly 10%) compared to earlier simulations (Fig. 1e) , indicating improved agreement with the data (Fig S4) . We defined a second quantitative metric -the Q-score -which measures the agreement between experimental and simulated Capture-C profiles.
Although we noted very little visible change in the simulated Capture-C profiles, the Q-score increased by 13% to 0.51 (Fig. 1e , also see Fig S6) , the extent of chromatin decompaction in Pax6-HIGH cells is apparent from inspection of simulation snapshots of the locus structure (Fig. 3b , and Video 1 and 2).
Although the Capture-C protocol only gives information about interactions for specific probed "viewpoints", a signature of a domain structure was present in the data as we observed that probes from the left of the locus to interact more with regions towards the right, and vice versa (Fig. S2e) . The same directional bias was found in simulated Capture-C data for Pax6-HIGH cells, but was not present in the other two cell lines (Fig. S7c) . However, a full HiC like interaction map can be extracted from the simulations, and these indeed showed domains for all cell types (Fig. 3f-h and S7b). A reason for the seemingly different signal might be that the capture targets (viewpoints) tend to be positioned on TF binding beads, and over estimation by the HiP-HoP model of long range interactions at these sites may skew the directionality measure.
The simulation scheme also allows investigation of different scenarios for genome organisation. For example, simulations can be performed with different aspects of the model switched off (Fig. S8) . We found that switching off LEs (similar to a knock-down of cohesin or its loader, leaving only diffusing TFs binding to ATAC peaks and the heteromorphic polymer based on H3K27ac data) led to a reduction in agreement with data (the Q-score reduced by 20%, FigS6; and the FISH K-score by 9%, Fig S4) . At a larger scale, the simulated HiC maps changed: they became more "spotty" (showing promoter-enhancer interactions) and the domains less prominent (Fig. S8b) . If instead TFs were removed from the model (keeping LEs and the heteromorphic polymer) the domains remain, but most enhancer-promoter interactions disappear (Fig. S8c) ; also the Q-score reduces by about 15% compared to the simulations in Fig. 3 , although the K-score shows a small increase of about 2%). This points to a scenario where TFs give rise to promoter-enhancer interactions,
while LEs generate domains. 
HiP-HoP simulations reveal multiple 3-D chromatin structures for the Pax6 locus
Experimental and simulated FISH measurements suggest that there is substantial variation in the distribution of inter-probe distances in Pax6-HIGH cells. More detailed information on structural variability is best extracted from an analysis of individual simulated structures, as these give information about chromatin fibre conformation at high resolution (single monomer, or 1 kbp). We focus here on the case of Pax6-HIGH cells.
First, a qualitative inspection of simulated conformations (see Video 3-5) provided a striking visual impression of the large structural diversity in Pax6 folding -it was apparent that the shape and size of the locus varies widely. Second, a clustering analysis of all simulated structures based on mean-squared differences of monomer separations (see Methods) showed that there are multiple typical structures for the chromatin fibre around Pax6 (Fig. 4) , with several possible structure classes (Fig. 4a) . The distribution of locus size and shape (quantified via the radius of gyration and shape anisotropy) showed only slight variation between each class ( Fig. 4b-c ; the largest difference is between class A, where the locus is usually larger and more elongated, and class E, where the locus is smaller and more spherical). Intriguingly, each class contained some structures where Pax6 and its distal enhancers are in contact, and some where they are far apart (Fig. 4d ).
These two motifs are likely to be associated with different levels of transcriptional activity, yet our analysis shows that this is largely independent of the larger-scale structure of the locus. While a similar clustering analysis has pointed to structural diversity in the folding of other chromatin loci, the extent of variability found in the Pax6 locus exceeds that observed in less complex loci such as globin (where simulations suggested the existence of two main classes of structures 5 ).
Another way to group the simulated structures is to directly consider the interactions between the distal regulatory regions and the Pax6 promoters ( (Fig. S9a) . Consistent with the clustering analysis, the Pax6 interactions did not depend on the size or shape of the locus as a whole (Fig. S9b-c) .
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Application of HiP-HoP simulations to active chromatin loci.
Above we focussed on Pax6 folding, but since our predictive heteromorphic polymer simulation approach only requires four different datasets as input (DNA accessibility, histone acetylation and CTCF/Rad21), it is applicable to a large number of active chromatin loci in different cell lines (associated with different levels of locus activity). To test how well the HiP-HoP model performs at other loci, we studied the folding of the α and β-globin loci in mouse erythroid cells, which involve simpler genomic interactions with respect to Pax6
As expected, our simulated structures for globin compared favourably with previously published Capture-C and FISH data ( Fig. 5 and S10 ).
To show that the HiP-HoP model can work in different organisms, we also considered the human Sox2 locus, a key reprogramming gene (Fig. S11) 
Discussion
In this study we developed a new simulation model of 3-D genome organisation modelling chromatin as a heteromorphic polymer, where the H3K27ac histone modification is associated with a locally disrupted chromatin fibre; this was corroborated by a strong positive correlation between histone acetylation and putative regions of disrupted chromatin based on RICC-seq experiments 27, 29 . that there is an enhancer activity which does not require physical proximity to the promoter, but is instead associated with chromatin decompaction 30 . One can speculate on possible mechanisms through which decompaction of an enhancer region might lead to up-regulation of a nearby gene: perhaps the region adopts a fibre structure which can more readily accommodate supercoiling generated by a transcribing polymerase;
alternatively transcription at the enhancer itself might lead to a localization of activating proteins which facilitates transcription at the promoter; or perhaps the expansion of the enhancer region alters the dynamical properties of the wider locus. Whatever the mechanism, an interesting feature at Pax6 is that the DRR seems to operate differently in different cell lines, an area for future research.
These simulations also suggested that for Pax6 (and possibly other complex loci) there is a large degree of cell-to-cell variation in locus conformation. This is different to the case of the globin loci where both loci were found to adopt one of a small number of preferred configurations 5 . Earlier computational models failed to predict trends in the FISH data, but gave similar predictions for Capture-C profiles; this highlights a potential issue for approaches that generate conformations based on fitting to existing HiC data -more than one solution may be possible.
In the future it would be informative to apply HiP-HoP to many different loci in different cell types to understand the organisational principles of different classes of gene. We also expect the model to be readily extended to account for co-localisation of repressed regions. As input to HiP-HoP is based on widely available datasets -ATAC or DNAase-seq for TF binding, H3K27ac to predict disrupted chromatin regions, and ChIP data for CTCF and the cohesin subunit Rad21 to define loop anchors -the same model will be applicable to active loci generally. Indeed, we have shown that these predictive heteromorphic polymer simulations can be successful applied to loci in different cell types and organisms, such as α and β-globin, Sox2, in stem cells and tissue derived cell lines, and in human or mouse. Unlike other approaches that require 3C based data as an input, the HiP-HoP model does not require this data making it well suited for predicting chromatin structure at promoters and enhancers genome-wide.
